This is an electronic reprint of the original article. This reprint may differ from the original in pagination and typographic detail.
Introduction
Quasi-periodic oscillations in solar active regions play an important role in the investigation of physical processes and plasma parameters in the solar atmosphere. Oscillatory phenomena have been observed in different solar structures (sunspots, pores, coronal loops, faculae) by ground-based and cosmic instruments for several tens of years (Kobrin et al. 1976; Ofman 2000; Loukitcheva et al. 2006; Dorotovič et al. 2008; Foullon et al. 2004 Foullon et al. , 2009 Yuan et al. 2011) .
In the past few years the periodic variations of sunspot parameters and nearby magnetic structures connected with them have been investigated with great interest.
Quasi-periodic oscillations in sunspots with periods of 3-5 min are widely known and have been detected at different atmospheric levels (Thomas et al. 1984; Banerjee et al. 2002; Balthasar & Collados 2005; Kobanov et al. 2006; Tlatov & Riehokainen 2009; Abramov-Maximov et al. 2011; Botha et al. 2011; Reznikova et al. 2012) . These oscillations are interpreted as the propagation of acoustic slow or fast magnetohydrodynamic waves excited by turbulence flows in the convective zone (Nakariakov 2007; Bogdan 2000; Bogdan et al. 2003; Parchevsky & Kosovichev 2009; Felipe et al. 2010; Zhugzhda 2008) .
Long quasi-periodic oscillations with periods of 20-40, 60-80, 100-120, and 160-180 min were detected in sunspots at radio wavelengths (Gelfreikh et al. 2006; Bakunina et al. 2009; Chorley et al. 2010 Chorley et al. , 2011 Kislyakova et al. 2011; Smirnova et al. 2011) .
Variations of line-of-sight velocities, recorded as Doppler shifts of spectral lines with periods of [40] [41] [42] [43] [44] [45] , and 160-180 min were detected by Efremov et al. (2009) 
Subsequently, using SOHO/MDI space data, the same authors obtained long-term oscillations of the sunspot magnetic field with periods in the range 250-480 min (Efremov et al. 2010 ). More recently, they found the lowest modes of these oscillations with periods of up to 12-28 h that depend on the magnetic field strength of sunspots (Efremov et al. 2012) .
The observed phenomenon has been interpreted by authors in the context of a "shallow-spot" model (Solov'ev & Kirichek 2008 Kshevetskii & Solov'ev 2008) . According to this model, time-variations of line-of-sight velocities and magnetic field strength in sunspots are associated with the slow quasiperiodic vertical displacement of a sunspot as a whole.
The main goal of our study was to investigate long quasiperiodic oscillations in sunspots and the surrounding magnetic structures near sunspots. We used observational data obtained from the ground-based Metsähovi radio-telescope at 37 GHz and from the space-based observations of the line-of-sight component of the magnetic field, provided by the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics Observatory (SDO).
The observations and data reduction are described in Sect. 2. Observational tests are presented in Sect. 3. We presented results in Sect. 4. The discussion and our conclusions are given in Sects. 5 and 6. Cassegrain-type of antenna with a diameter of 13.7 meters. The working range of the telescope is 2-150 GHz (13.0 cm-2.0 mm). The antenna can provide solar mapping, partial solar mapping, and tracking of any selected point on the solar disk. The beam size of the telescope is 2.4 at 37 GHz. The sensitivity of the receiver is good enough for 0.1 sfu resolution. In the temperature scale the resolution is better than 100 K and is limited by short-term changes in atmospheric attenuation. The estimated quiet-Sun level at 37 GHz is 7800 K (Urpo 1982) . The cadence between two partial solar radio maps is typically 1-2 min, depending on the size of the selected active region. Figure 1 shows an example of the tracks obtained from the active region NOAA 11261 and the sky area on 2011/08/03 04:22:30-14:52:24 UT. The active region track (top-right panel) has two radio-bursts. The sky area track (right-bottom panel) has two sharp peaks associated with clouds during the observations. This example was eliminated from the analysis, because the radio-bursts and clouds distorted the oscillation image. For our analysis we chose only tracks that did not contain the radiobursts and influences from clouds.
SDO/HMI instrument and magnetic field data
The Helioseismic and Magnetic Imager (HMI) instrument is part of the Solar Dynamics Observatory (SDO). It enables us to study the photospheric magnetic field variations. It provides one-arcsecond-resolution full-disk Doppler velocity images and the line-of-sight component of the magnetic field every 45 s . A detailed description of the HMI instrument and the data processing is presented in Schou & Larson (2011 , Wachter et al. (2012) , and Couvidat et al. (2012) .
We obtained full-disk images of the line-of-sight magnetic field component in the interval of 13-18 h (HMI magnetograms), using the Joint Science Operation Centre (JSOC) HMI-AIA Science Data Processing with a cadence of 3 min. The HMI data were chosen in association with bright radio sources observed with the Metsähovi 37 GHz radio-telescope.
To select the SDO/HMI objects we used the radio observations as a base list to provide the maximum overlap of the spaceand ground-based time-series. This provided a good opportunity to investigate simultaneously the oscillatory processes in different atmospheric levels -from the photosphere to the lower corona. The SDO/HMI data processing consisted of averaging the magnetic field inside some chosen areas marked by contours or by boxes (see in Fig. 2 ). Areas with positive and negative polarities were analyzed separately. We used the technique described in Torrence & Compo (1998) to analyze time-series by the sixth order wavelet Morlet function.
Trends and artifacts
The typical trend associated with the well-known fluctuation effects of the Earth's atmospheric absorption coefficient, which affects the intensity of radio emission during the whole observational day, is shown in Fig. 3 . Figure 4 shows a typical form of the initial time-series obtained from HMI magnetograms. We removed these trends with a polynomial approximation and obtained normalized tracks for all radio and HMI data.
Artificial variations of the magnetic field obtained from HMI magnetograms were also detected (Fig. 5) . The magnetic field strength of this sunspot, re-calculated for the disk center, reached more than 3050 G. Figure 6 shows the periodogram for this time-series. Two harmonics were found -12 and 24 h. The amplitude of the 12-hour harmonic was about ten times less than the 24-h.
We confirmed that these two periods are artifacts associated with SDO spacecraft orbital features and the Zeeman effect, as reported by Liu et al. (2012) . In agreement with their results, these 12-and 24-hour artificial harmonics have a significant effect only for strong magnetic fields of more than 2000 G.
But in the active regions presented here (except for NOAA 11251, which test-analyzed) the magnetic field strength values were lower than 2000 G, and the tracks are not very long. Therefore, we assumed that the influence of the 12-and 24-hour artifacts is not significant and can be removed from our data with a polynomial fitting.
Observational tests
Before proceeding with our analysis, we first performed three tests to demonstrate that the observed variations are not artifacts:
1. we analyzed and compared the signal amplitudes of active and quiet regions obtained from SDO/HMI data; 2. we analyzed and compared time-series from radio and magnetic field data of a chosen active region to demonstrate a correlation of temporal structures; 3. and we analyzed and compared the time-series obtained from magnetograms of two distant sunspots to check the dataprocessing method.
The superposed time-series obtained from NOAA 11243 on 2011/06/30 and a quiet region at the equator are presented in Fig. 7 . In this case we analyzed areas with the same size. Figure 7 shows that the amplitude of the signal from the quiet area is smaller than that from the active region. The formal correlation coefficient obtained for these time-series is equal to −0.12.
For that reason, we assume that the signal from the active region is real and significant for the statistical study.
In Fig. 8 one can see two superposed tracks for the same active region, obtained from Metsähovi radio and SDO/HMI data on 2011/06/30. We found a good correlation between the tracks. The correlation coefficient in this case is equal to 0.65. Moreover, we found that the best correlation coefficient is 0.72, but then the radio time-series should be shifted with regard to the magnetic field time-series. The estimated delay of the radio time-series (lag) is in range of 15-18 min.
Additionally we analyzed two distant sunspots to investigate the existence of correlation between the phase of their longperiod variations. Two active regions were considered: NOAA 11242 and NOAA 11243. The regions were visible at the same time on the solar disk with coordinates N17W29 and N16E38. We analyzed the averaged magnetic field obtained from the magnetograms over a period of 13.5 h (Fig. 9) .
The estimated correlation coefficient is −0.35. It shows no correlation between these time-series. However, these sunspots have the same long-period oscillations (see Table 1 ). Because the analyzed sunspots were spatially separated and are not physically connected to each other, their variations are not in phase.
Accordingly, we can conclude that our data processing method gives real, independent results for every investigated sunspot.
Results
The main results of this study are presented in Table 1 . The first four columns contain dates, temporal intervals of observations, active region numbers and the instrument, with which the data were obtained. Period intervals obtained from wavelet power spectra are shown in Col. 5 and periods from the Fourier periodograms are presented in Col. 6. In Col. 7 one can see the correlation coefficients obtained from the analysis of the radio and magnetic field time-series. We provide a lag analysis to investigate the delay between time-series. The first value of Col. 7 is the correlation coefficient with zero lag, the second value is the maximum coefficient with the lag and the third is the value of the lag measured in minutes. Column 8 contains the highest values of the line-of-sight component of the magnetic field and re-calculated values for the disk center. The estimated brightness temperature variations obtained from radio maps before and after active-region tracking are presented in Col. 9.
The same period intervals were found both in radio intensity at 37 GHz and in the magnetic field variations.
In Fig. 10 one can see the low-frequency variations of the radio intensity in the active region NOAA 11243 (2011/06/30) observed at 37 GHz during 11 h. This was a bipolar sunspot group with a complex magnetic structure. The most powerful component of the wavelet spectrum corresponds to the interval of periods 200-400 min with a maximum at 334 min. Note that the duration of observations was limited and the long-period component in the wavelet spectrum lies in the region where edge effects are important, but it is clear from Fig. 10 (panels a and c) that the long-periodic interval found is clearly significant. Furthermore, we analyzed several parts (boxes) of the active region 11243 obtained from HMI magnetograms. In Fig. 11 we show a wavelet power spectrum of magnetic field variations obtained inside the box 32 × 40. Long periods were defined in intervals of 80-130 and 200-400 min. A direct comparison of the radio and magnetic field time-series for this region is shown in Fig. 8 .
The other results presented in Table 1 were obtained in the same manner.
The study presented here is another independent confirmation of the reality of long-period oscillations of sunspots, obtained from original radio observations at 37 GHz as well as from corresponding data of SDO/HMI. 
Discussion
Ground-based observations of the Sun are naturally limited by the duration of daylight. For this reason, we cannot study oscillations with periods of more than 4-5 h. But, as was mentioned above, the oscillatory spectrum of long-period sunspot oscillations covers a wider range of periods (Efremov et al. 2012) . It suggests that the oscillatory process in sunspots has a complex, multi-mode character. In terms of the shallow sunspot model (Solov'ev & Kirichek 2008 ) this principal statement can be explained as follows. According to the model, the magnetic structure of a sunspot is limited both laterally and from below: at the depth of about 4 Mm, the magnetic flux tube of a sunspot expands sharply downward (as is shown in Fig. 12) , and in deeper layers the magnetic field of the sunspot flux tube turns out to be relatively weak. It continues into the deep layers, supposedly because of the entangling impact of convective motion. The model defines this level as a "lower magnetic boundary of a sunspot" at a depth L. In accordance with data of local helioseismology (Zhao et al. 2001; Kosovichev 2006 ) at a depth of more than 4 Mm, a wide extended zone of overheated gas (with plasma at 1000 K hotter than the environment) is located.
We also found that the shallow sunspot model agrees with the sunspot structure obtained in 3D magnetohydrodynamic simulations suggested by Rempel et al. (2009) and Cheung et al. (2010) . In these simulations, the authors have taken into account the formation of the active regions (spots) beginning from a depth of 6-7 Mm in the convective zone to the photosphere. The result of this type of simulation is shown in Fig. 1 of Rempel et al. (2009) . The figure shows a well-formed sunspot pair at the photospheric level and the upper convective zone of the simulated magnetic field structure. It seems to be close to the scheme presented in Fig. 12 of this article.
Two basic parameters determine the period of shallow sunspot oscillations: the magnetic field strength in a quasicylindrical part of the sunspot flux tube and the plasma mass involved in the oscillations. The second one depends on the behavior of the vertical plasma displacement ξ along the vertical and near the lower magnetic boundary of a sunspot L, i.e., the amount of oscillating mass is determined by the form of function ξ(h) and its value at the lower boundary: ξ(L) (see Fig. 12 and the description to it). When the oscillation geometry is such that the vertical plasma displacements do not vanish at the lower boundary, ξ(L) 0, the underlying dense layers at the depths h > L will be strongly perturbed by the vertical periodic displacements of the sunspot tube as a whole; hence, the effective gas mass involved in the long-period oscillations grows dramatically in this case. Accordingly, the period of these oscillations will increase greatly and can rise to tens of hours. In another case, when the vertical displacements are negligible near the lower boundary, ξ(L) = 0, the lowest more dense parts of the sunspot tube with a strong magnetic field do not take part in the oscillations on this mode, and the period of this oscillatory mode will be limited to a time interval of approximately 1 to 6 h. Evidently, with the ground-based observations we can reveal the modes of the second type only, as seen in the present work.
In connection with the discussion of long-period oscillations, another important question can arise: why are the sunspot oscillations at the level of the photosphere and deeper clearly manifested at relatively high heights where radio emission is generated? According to the atmospheric model proposed by Vernazza et al. (1981) , these heights are about 2000 km above the photosphere.
To answer this, we note firstly, that the propagation velocities of any perturbation in the solar atmosphere above the sunspot are very high: the sound speed is about 10 7 cm/s, the Alfven velocity is higher, around 10 8 cm/s. The typical coronal loop length lies in the range of 100-300 Mm. Hence, the time in the interval 3-45 min is needed for the magnetic structure of active regions to relax to some state of equilibrium (Roberts 2000; Nakariakov & Stepanov 2007) . Lags obtained in our analysis (see Col. 8 in Table 1 ) are within this interval.
When we discuss the time -variations of the magnetic field at the level of the photosphere with periods of few hours and more, we take into account that for the magnetic structures above the sunspot these time-variation are very slow quasi-static processes: at every moment of time the magnetic system over the spot stays in equilibrium, or more exactly: the system passes slowly through the continuous series of equilibrium states in accordance with the quasi-static variations of the boundary conditions. Hence, the slow time-variations in the magnetic field of a sunspot are followed by the relatively rapid adjustment of the spatial structure in the active region that is connected with the magnetic flux of the sunspot. Therefore, all physical parameters of the region where the radio emission is generated are to be automatically changed through variations of the field at the base level. The values of temperature, density, pressure, and magnetic field in this region vary according to the magnetohydrostatic space distribution, following changes in boundary conditions. In other words, the radio emission intensity is inevitably modulated in amplitude with the period of the sunspot field time-variations.
Thus, the first modulation mechanism of radio emission at high levels is the magneto-hydrostatic rebuilding of magnetic structures caused by slow time-variation of the boundary field.
But there is an alternative mechanism that could be applied to explain the phenomenon of quasi-periodic modulation of radio emission in the region near the sunspot, even in the absence of a magnetic field. Kshevetskii and Solov'ev (2008) have used the shallow-spot model as a purely hydrodynamic piston, with no magnetic field, to study the propagation of internal gravity waves generated by the oscillating of the piston. They found with numerical calculations that the internal gravity waves propagate from the source (the oscillating spot) at a small angle to the photosphere and the highest density is reached at a height of about of 3000 km. This is close to the height of the 8 mm radio emission generation derived from the Vernazza model. The highest radio intensity should be shifted from the center of the sunspot by at least a few tens of thousands of kilometers. Such a spatial distribution corresponds well to the position of nominal radio maximum, shifted normally from the sunspot. Both these mechanisms (acting together or independently) could explain the effect of amplitude modulation of the radio emission by slow long-periodic sunspot oscillations.
Conclusions
Sunspot oscillations with periods in the interval of 60-120 min have previously been obtained and discussed (Smirnova et al. 2011; Chorley et al. 2010; Gelfreikh et al. 2006 ) using 17 GHz (Nobeyama Radiohelograph), 37 GHz (Metsähovi), and 96 GHz data (RT-7.5 BMSTU, Moscow region). These results were obtained on the basis of time-series with durations of 8 h or shorter.
Long sessions of radio observations (9.5-11 h) were organized during the Summer of 2011 at the Metsähovi radiotelescope. This enabled us to detect oscillations of longer periods of up to 150-400 min in radio emission. We obtained more than 20 long tracks of radio sources connected with sunspots. But we chose only four radio tracks that satisfied our data selection conditions.
Results obtained in this study from these longer timeseries very clearly show the existence of long quasi-periodic (200-400 min) radio emission oscillations that are connected with the corresponding sunspots and nearby magnetic structures. These oscillations have been detected simultaneously at the photospheric level (in SDO/HMI magnetograms) and at the level of the chromosphere -low corona where radio emission at 37 GHz is generated. We stress that in this study we selected the sunspots on the basis of radio observations. As a rule, the positions of nominal radio maxima do not coincide with the sunspot position. These maxima were usually situated above the distributed magnetic field structures of the opposite polarity in the unipolar case and somewhere between the spots in the bipolar case. In both cases, complicated magnetic structures consisting of magnetic loops and arches are present in the radio source regions.
Therefore, we assume that the oscillations explain not only the sunspot (umbra) magnetic field variations, but that these oscillations propagate to the heights where the radio emission at 37 GHz originates.
